and 5 Hospital for children and adolescents, University of Leipzig, Germany BACKGROUND: There are conflicting results for ghrelin changes in reduction of overweight. Increasing ghrelin levels in weight reduction are considered to be responsible for compensatory mechanisms that make the reduction of overweight unlikely to be sustained.
Introduction
The recently discovered hormone, ghrelin, has been recognized as an important regulator of energy homeostasis. Ghrelin, a GH-releasing peptide isolated from the stomach, induces weight gain by stimulating food intake. [1] [2] [3] [4] Furthermore, ghrelin seems to decrease the metabolic rate and the catabolism of fat. 5, 6 Therefore, biological effects of ghrelin appear to be the opposite of those of leptin, which has been suggested to be the key signal reflecting adipose stores. 2, 7, 8 Increasing ghrelin levels during weight reduction are considered to be responsible for compensatory mechanisms that make reduction of overweight unlikely to be sustained. 9 In obese adults and children, leptin levels have shown to be increased, while ghrelin levels are decreased. 7, [9] [10] [11] There are only few studies consisting of only a small number of subjects, which analyze the changes in ghrelin levels due to reduction of overweight in a time period of weeks up to months with contradictory results: four studies reported increasing ghrelin levels, [12] [13] [14] [15] four studies no changes of ghrelin levels [16] [17] [18] [19] and one study decreasing ghrelin levels after weight reduction. 20 Until now, there is only one study on ghrelin levels in obese children after weight reduction. 14 In this study, the reduction of overweight was achieved by very low caloric diet based on formula diet. This kind of diet probably influences ghrelin levels since this hormone is predominantly secreted in the stomach depending on composition and size of meals. 2 One study in adults losing weight due to high-carbohydrate and low-fat diet demonstrated stable ghrelin levels over a 2-week period. 17 Since studies in high-carbohydrate and low-fat diet concerning ghrelin levels over a long time period have not yet been performed, we analyzed ghrelin levels before and after reduction of overweight due to this kind of diet over a 1-y period in obese children and adolescents. As markers of substantial reduction of overweight, we additionally measured leptin, adiponectin and insulin levels and insulin resistance.
Materials and methods
Fasting ghrelin levels were measured in 37 obese and 16 normal-weight children and adolescents (see Table 1 ). Blood sampling was performed at 0800. Total serum ghrelin was determined by radioimmunoassay (RIA) (Ghrelin Total RIA Kit R , Linco Research, St Charles, MO, USA; intra-assay coefficient of variation o8%; interassay coefficient of variation o9%; sensitivity 100 pg/ml). This kit is highly specific without crossreaction to other gastrointestinal hormones. Children with endocrine disorders, premature adrenarche, syndromal obesity or weight loss in the last 3 months before baseline of the study were excluded from the study. Obesity was defined according to the body mass index (BMI) 97th percentile using population-specific data. 21 Furthermore, fasting ghrelin concentrations were determined 1-y later in the 37 obese children after participating in the 'Obeldicks' intervention program for obese children. 22, 23 Additionally, dietary intake from weighed dietary records and glucose, insulin, adiponectin and leptin levels were determined at baseline and 1-y later in the 37 obese children.
Serum leptin levels were measured by RIA (Human Leptin RIA R , Mediagnost, Reutlingen, Germany; intra-assay coefficient of variation o5%; interassay coefficient of variation o8%; sensitivity 0.1 ng/ml). Adiponectin concentrations were determined by enzyme-linked immunosorbent assay (ELISA) (Human Adiponectin ELISA Kit R , Linco Research, St Charles, MO, USA; intra-assay coefficient of variation 1.0-7.4%; interassay coefficient of variation 2.4-8.4%, sensitivity 0.5 ng/ml). Serum insulin concentrations were measured by microparticle enhanced immunometric assay (MEIAt, Abbott, Wiesbaden, Germany). Serum glucose levels were determined by colorimetric test using a Vitrost analyzer (Ortho Clinical Diagnostics, Neckargemuend, Germany). Intra-assay and interassay coefficients of variation were r5% in both methods. Homeostasis model assessment (HOMA) was used to detect the degree of insulin resistance: 24 the resistance can be assessed from the fasting glucose and insulin concentrations by the formula: resistance (HOMA) ¼ (insulin (mU/l) Â glucose (mmol/l))/22.5. For the assessment of dietary intake, 3-day weighed dietary records were used. Children or their parents weighed and recorded all foods and fluids consumed as well as leftovers using electronic food scales (71 g). Semiquantitative recording (eg number of spoons, scoops) was allowed if weighing was not possible. Dietary records were evaluated in the Research Institute of Child Nutrition. Energy and nutrient intakes were calculated using the nutrient database LEBTAB (Research Institute of Child Nutrition, 2002), which is continuously updated by all new recorded food items. For LEBTAB, nutrient contents of staple foods are taken from standard nutrient tables. Those of commercial food products are determined either by using the product labels or by simulating recipes from the ingredients listed, including fortification. Daily energy intake (kcal/day), daily energy intake per kg body weight (kcal/kg body weight/day) and percentage energy (%E) from fat, protein and carbohydrates were calculated.
Height was measured to the nearest centimeter using a rigid stadiometer. Weight was measured to the nearest 0.1 kg using a calibrated balance scale. BMI was calculated as the weight in kilograms divided by the height in meters squared. Because BMI is not normally distributed in childhood, we used the LMS method to calculate SDS-BMI as the measurement of degree of overweight, which summarizes the data in terms of three smooth age-specific curves called L (lambda), M (mu) and S (sigma) based on German population-specific data. 21, 25 The M and S curves correspond to the median and coefficient of variation BMI for German children at each age and for both genders, whereas the L curve allows for the substantial age-dependent skewness in the distribution of BMI. 21 The assumption underlying the LMS method is that after Box-Cox power transformation, the data at each age are normally distributed. 25 The pubertal developmental stage was determined according to Marshall and Tanner and categorized into two groups (prepubertal: boys with pubic hair and gonadal stage I, girls with pubic hair stage and breast stage I; pubertal: boys with Ghrelin in obese children T Reinehr et al pubic hair and gonadal stage ZII and girls with pubic hair stage and breast stage ZII). The reduction in overweight was achieved through the 'Obeldicks' intervention program for obese children. 22, 23 This 1-y outpatient training is based on a program of physical exercise, nutrition education and behavior therapy including individual psychological care of the child and his or her family. The nutritional course is based on the prevention concept of the 'optimized mixed diet', a low-fat and high-carbohydrate ad libitum diet, which is the recommended cost form for healthy children in Germany. 26 This diet containing 30 E% fat, 15 E% proteins and 55 E% carbohydrates is fat reduced compared to the present-day diet of children in Germany with a fat content of 38 E%, 13 E% proteins and 49 E% carbohydrates. 26 The obese children were divided into two subgroups according to their changes of SDS-BMI in the 1-y period. The following classification was used because during a reduction of o0.5 SDS-BMI, no improvement of insulin sensitivity and cardiovascular risk factors could be measured and leptin (or adiponectin) did not tend to normalize below this cutoff point in obese German children: [27] [28] [29] substantial reduction of overweight: decrease in SDS-BMIZ0.5 no substantial reduction of overweight: decrease in SDSBMIo0.5
Statistical analysis was performed using the Winstat s software package. The Kolmogorov-Smirnov test revealed normal distribution for all continuous variables. Ghrelin levels were compared between normal-weight and obese children using the Student's t-test for unpaired observations. Ghrelin levels of the normal-weight and obese children were related to age and weight status (SDS-BMI) by Pearson's correlation and were compared between boys and girls (prepubertal and pubertal) by the Student's t-test for unpaired observations. The changes of dietary composition, insulin resistance (HOMA) and insulin, ghrelin, adiponectin and leptin concentrations over the 1-y period were analyzed separately by the Student's t-test for paired observations in the two groups defined by the degree of weight loss (substantial vs nonsubstantial reduction of overweight). The changes are expressed absolutely and relatively in percentage according to the following formula: (median change of parameter Â 100)/median value of parameter at baseline). Baseline characteristics (age, degree of overweight, gender, pubertal stage, insulin resistance, insulin, ghrelin, adiponectin, leptin, E% fat, E% carbohydrate, E% protein, kcal/kg body weight/day, kcal/day) were compared between the two groups by the Student's t-test for unpaired observations. We performed a power calculation based on the published changes in ghrelin levels in childhood.
14 SorianoGuillian et al demonstrated a 27% increase of ghrelin levels in reduction of overweight of 25% of SDS-BMI after 6 months. The required sample size is 11 based on these data to show an increase of 6% of the ghrelin levels estimated for a significance level of 0.05 and a power of 0. 
Results
The obese children demonstrated significantly lower ghrelin levels compared to the normal-weight children, while they did not differ significantly in age, pubertal status and gender (see Table 1 ). A total of 16 obese children decreased their overweight by at least 0.5 SDS-BMI (decrease in median 0.7, interquartile range 0.6-0.9) (see Table 2 ). They decreased their SDS-BMI in median by 29% (interquartile range 25-38%). The other 21 obese children changed their SDS-BMI in median by À0.3 Table 2 BMI, SDS-BMI, insulin, insulin resistance index (HOMA), and leptin, adiponectin and ghrelin concentrations at baseline and 1-y later in children with and without substantial reduction of overweight (decrease in SDS-BMIZ0.5 vs decrease in SDS-BMIo0.5) Ghrelin in obese children T Reinehr et al (interquartile range À0.4 to À0.2). They decreased their SDS-BMI in median by 12% (interquartile range 8-16%).
The substantial reduction of overweight over the 1-y period (decrease in SDS-BMIZ0.5) in 16 obese children was associated with a significant (P ¼ 0.003) increase in adiponectin levels (change of adiponectin in median þ 1.8, interquartile range 0 to þ 3.5 mg/ml; increase in median 15%), a significant (P ¼ 0.023) decrease in leptin levels (change of leptin in median À3, interquartile range À8 to þ 1 ng/ml; decrease in median 19%), a significant (P ¼ 0.036) decrease in insulin levels (change of insulin in median À3 mU/l, interquartile range À9 to 0 mU/l; decrease in median 25%) and a significant (P ¼ 0.013) decrease in insulin resistance (HOMA) (change in HOMA in median À0.7, interquartile range À1.9 to þ 0.1; decrease in median 27%) (see Table 2 ), while there were no significant (P ¼ 0.326) changes in ghrelin levels (change of ghrelin in median þ 73 pg/ml, interquartile range À141 to þ 537 pg/ml; increase in median 4%). The ghrelin levels at the end of intervention were significantly (P ¼ 0.048) lower in the obese children with substantial reduction of overweight compared to the normal-weight children.
In the 21 obese children without substantial reduction of overweight, there were no significant changes in insulin resistance (HOMA) (change of HOMA in median 0.1, interquartile range À1.0 to þ 0.6; delta HOMA 3%; P ¼ 0.682) and insulin levels (change of insulin in median 0.1, interquartile range À5 to þ 2 mU/l; delta insulin 1%; P ¼ 0.903) (see Table 2 ). In addition, ghrelin levels (change of ghrelin in median À169, interquartile range À407 to þ 255 pg/ml; decrease in median 10%; P ¼ 0.244), adiponectin levels (change of adiponectin in median À0.2, interquartile range À1.9 to þ 0.9 mg/ml; decrease in median 2%; P ¼ 0.662) and leptin levels (change of leptin in median 2, interquartile range À3 to þ 10; increase in median 15%; P ¼ 0.357) did not differ significantly between baseline and 1-y later (see Table 2 ).
The obese children with substantial reduction of overweight did not significantly differ from the obese children without substantial reduction of overweight with respect to gender (P ¼ 0.795), age (P ¼ 0.471), pubertal stage (P ¼ 0.742) and SDS-BMI (P ¼ 0.481) at baseline. Furthermore, insulin resistance (HOMA) (P ¼ 0.854) and ghrelin (P ¼ 0.830), leptin (P ¼ 0.057), adiponectin (P ¼ 0.434) and insulin levels (P ¼ 0.613) did not differ between these two groups (see Table 2 ).
Four children without substantial reduction of overweight did not perform a dietary record at baseline and after the end of intervention. In the 33 other obese children, caloric intake (kcal/kg: P ¼ 0.004; kcal/day: Po0.001) and percentage fat content in diet (Po0.001) decreased significantly, while percentage carbohydrate (P ¼ 0.003) and protein (Po0.001) contents in diet increased significantly in all children (see Table 3 ). At baseline, there were no significant differences in diet composition with respect to fat (P ¼ 0.540), carbohydrate (P ¼ 0.331) and protein (P ¼ 0.313) content and in caloric intake (kcal/kg: P ¼ 0.112; kcal/day: P ¼ 0.089) between the children with and without substantial weight loss (see Table 3 ).
At baseline, serum ghrelin concentrations were significantly correlated to weight status (SDS-BMI) (r ¼ À0.50; Po0.001), but did not significantly correlate to age (r ¼ À0.06; P ¼ 0.325). Ghrelin levels did not differ significantly (P ¼ 0.415) between boys and girls and between pubertal and prepubertal children (P ¼ 0.512).
Discussion
This is the first study on obese children and adolescents concerning the changes of ghrelin in weight reduction with high-carbohydrate and low-fat ad libitum diet. We analyzed for the first time in one cohort of children and adolescents insulin resistance and insulin, leptin, adiponectin and ghrelin levels before and after a 1-y weight reduction treatment. Obese children demonstrated significantly lower ghrelin levels compared to normal-weight children in concordance with other studies in children and adults. 10, 11 Significant decreases in insulin resistance and insulin and leptin levels, and significant increase in adiponectin levels in children with substantial reduction in overweight were found, while there were no significant changes in ghrelin levels.
Studies in adults demonstrated increasing ghrelin levels, [12] [13] [14] [15] stable ghrelin concentrations [16] [17] [18] [19] and decreasing ghrelin levels in weight reduction. 20 Reduction of overweight was achieved in most of these studies by gastric surgery.
12,18,20 
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Since ghrelin is produced predominately in the stomach, it is difficult to distinguish the effect of surgery and reduction of overweight in these studies. Studies based on intensive energy restriction (very low caloric diet) showed increasing ghrelin concentrations. 13, 14 In contrast to this, our study with high-carbohydrate and low-fat diet demonstrated no significant increase in ghrelin levels despite a small but not significant tendency (increase in ghrelin levels of 4%). Probably the kind of treatment to reduce weight may have influenced the ghrelin levels and may explain the different study results. Fat restriction with high-carbohydrate diet as in our study has been reported to avoid the increase in ghrelin levels caused by dietary energy restriction in shortterm studies. 17, 30 High-carbohydrate diet was described to decrease ghrelin concentrations despite high-fat diet. 2, 3, 30, 31 The effect of carbohydrates is reported to be sustained longer than the effect of fats. 30, 31 Therefore, the increasing carbohydrate content in the diet of children with weight loss probably covered the effect of weight loss and decreasing fat content of diet on ghrelin levels. Weight loss was linked to decreased fat and increased carbohydrate consumption in our study as demonstrated by the fact that children with substantial reduction in overweight consumed lower fat and higher carbohydrate content in their diet at the end of the intervention compared to the children without substantial weight loss. The different degree of weight loss in our patients could also be caused by different degree of exercise despite the exercise performed in the intervention program. Weight reduction achieved by dieting, exercise or medical therapy often elicits compensatory changes in appetite and energy expenditure that make reduction of overweight unlikely to be sustained. 17, 32 Increased levels of ghrelin in reduction of overweight are considered to be responsible for this compensatory mechanism 9,17 since healthy humans spontaneously reported hunger following ghrelin administration. 33 Since there was only a very moderate increase of ghrelin in our study based on low-fat and high-carbohydrate ad libitum diet, we speculate that this type of dieting seems preferable to a very low caloric diet, which leads to an increase of ghrelin levels of 27% to a comparable degree of weight loss 14 and therefore increased hunger. In contrast to individuals on a very low caloric diet, subjects consuming an ad libitum low-fat diet generally experience a reduction in fat mass without increased hunger. [34] [35] [36] In accordance with this,
we could demonstrate in a previous study that the amount of reduction of overweight achieved with our treatment protocol was stable for at least 2-y. 22 Since circulating ghrelin levels are decreased not only in acute states of positive energy balance (caloric intake) but also in chronic states of positive energy balance (obesity), 1, 10 this fact seems to conflict with our finding of relative stable ghrelin levels in reduction of overweight. On the other hand, only weak correlations between fat mass and ghrelin levels were reported. [37] [38] [39] Probably, there is no direct link between adipose tissue and ghrelin levels but between factors leading to obesity and influencing ghrelin levels. For instance, a high-fat diet decreases ghrelin levels 2, 3 and is thought to be one of the causes of obesity. Since ghrelin levels did not change during substantial weight loss in contrast to adiponectin, leptin and insulin levels and insulin resistance (HOMA), there seems to be no direct correlation between these parameters. In contrast to this, other studies reported correlations between ghrelin, adiponectin and leptin levels and insulin resistance. 37, 40, 41 These differences may be explained by the complexity of interactions, which cannot be figured out in relative moderate-sized study samples. Furthermore, diet composition influences predominately gastrointestinal hormones like ghrelin, while the other hormones are not directly influenced by diet. 30, 31, 42 The influence of dieting on ghrelin concentrations explains probably also the relative great variance of ghrelin levels in our study. This study has a few potential limitations. First, BMI percentiles were used to classify overweight. Although BMI is a good measure for overweight, one needs to be aware of its limitations as an indirect measure of fat mass. Second, the achieved weight reduction or the sample size probably was too small to measure significant ghrelin changes. Since leptin, adiponectin and insulin levels and insulin resistance significantly changed in children with substantial weight reduction, a too small amount of reduction in overweight seems unlikely as an explanation for the missing changes of ghrelin in the long-term follow-up of our study. Furthermore, the degree of reduction of overweight was similar compared to the study of Soriano-Guillian et al demonstrating a significant increase in ghrelin levels of 27% in obese children.
14 A too small number of participants with substantial reduction of overweight to detect significant ghrelin increase according to the study of Soriano-Guillian et al was excluded by power analysis. Third, some children entered puberty in the long study period. Change of pubertal stage is associated with several hormonal changes. On the other hand, ghrelin levels did not change with pubertal development and did not correlate to age. Fourthly, insulin resistance index (HOMA) was used to calculate insulin sensitivity. Clamp studies are the gold standard to measure insulin sensitivity. 43 Since the insulin resistance index HOMA correlated well to clamp studies and has low coefficients of variation, 43, 44 this measurement is a wellestablished method to study insulin sensitivity in longitudinal field studies. Fifth, dietary records were used for analyzing diet composition. Under-reporting is a wellknown phenomenon in obese subjects. 45 The tendency of lower reported energy consumption (kcal/kg) in the children without substantial reduction in overweight compared to the children with substantial weight reduction might represent a hint for under-reporting. Sixth, we determined ghrelin at baseline and after a long study period of 1-y. Therefore, we cannot rule out increasing ghrelin levels shortly after initiating low-fat high-carbohydrate diet. Finally, we measured ghrelin levels only in the fasting state Ghrelin in obese children T Reinehr et al and not postprandially. Ghrelin concentrations rise quickly after fasting in normal-weight subjects, but this increase is delayed in obese animals, thus suggesting that short-term secretory regulation of ghrelin is modified by an excess energy deposit. 9, 46 Obese children show no ghrelin changes after a mixed meal in contrast to anorexic and normalweight children. 47 On the other hand, a fasting morning ghrelin level has been described as a good method to describe ghrelin status even if ghrelin is secreted episodically. 9 The integrated secretion of ghrelin over 24 h correlates significantly with ghrelin values obtained in the basal state prior to breakfast in humans. 9, 48 Furthermore, ghrelin levels after overnight fasting showed good within-subject reproducibility. 10 In summary, substantial reduction of overweight in a longterm period of 1-y due to a high-carbohydrate low-fat ad libitum diet was not associated with significant changes in ghrelin levels in contrast to a decrease in leptin levels, an improvement of insulin resistance, an increase in adiponectin concentrations and a decrease in insulin. We speculate that the missing compensatory increase in ghrelin levels in reduction of overweight allows the weight loss to be sustained.
